The present study investigates the effect of inclination on the buoyancy driven systems. A cavity, Natural Circulation Loop (NCL) and Coupled Natural Circulation Loop (CNCL) have been used to represent the possible classes of buoyancy driven systems. There are extensive studies on the cavity systems which exhibit a heat transfer coefficient jump upon the change in the inclination as the system moves from one steady state to another. The primary objective of the present study is to investigate if a similar behavior occurs in natural circulation systems such as an NCL and a CNCL, using a 2-D CFD study. The study identifies a combination of flow pattern rearrangement and flow direction reversal as the phenomena responsible for the jump in the heat transfer coefficient. A 3-D CFD study is also conducted to demonstrate the universality of the phenomena. The CFD study is validated thoroughly with the numerical and experimental data available in the literature. A parametric study is also conducted to examine the effects of the aspect ratio, Rayleigh number, Prandtl number and the inclination with the plane of the NCL system.
CFD study. In 1975 Ozoe et al. [6] conducted further parametric study on the inclined cavity system to analyse the effect of aspect ratio and effect of variation of Rayleigh number. Symons and Peck [7] also conducted experiments in 1979 on cavity systems where they examined the effect of inclination along the transverse and longitudinal directions and observed heat transfer coefficient jump or discontinuity for both the cases. The next experiment on the influence of inclination on the cavity system was conducted by Hamady et al. [8] in 1989 where both numerical and experimental study was conducted and a good match was observed in the flow patterns predicted by the numerical study with experimental data. The effect of inclination on the heat transfer of the cavity system was also studied and a heat transfer coefficient discontinuity was observed. Two other experimental studies which consider the effect of inclination on cavity systems but have not observed any heat transfer coefficient jump or discontinuity are Bairi (2008) [9] and Madanan and Goldstein (2019) [10] . The step-sizes of the inclination considered in their study were 45 • and 30 • respectively, which are too large to observe any heat transfer coefficient jump.
(b) CFD study: The CFD work may further be classified into 2-D and 3-D CFD studies.
(i) 2-D CFD study: Kuyper et al. [11] in 1993 studied the effect of inclination on cavity systems for both laminar and turbulent flow regimes and observed the heat transfer coefficient jump and hysteresis effect. A more detailed 2-D study of cavity systems was carried out by Soong et al. [12] in 1996. The effect of different aspect ratios on the inclined cavity systems and the mechanism through which the heat transfer coefficient jump/discontinuity occurs is examined. For cavity systems with aspect ratios greater than one, the flow pattern rearrangement from unicellular to multicellular or vice-versa has been observed to cause the heat transfer coefficient jump. A good agreement with experimental data was reported after accounting for the possible deviations in the boundary conditions. Cianfrini et al. [13] in 2005 observed the same phenomena in cavity systems with inclination and proposed a piece-wise correlation for the Nusselt number as a function of the inclination angle taking into account the hysteresis and the heat transfer coefficient jump. To get a better understanding of the behaviour of cavity systems a detailed parametric study was conducted by Khezzar et al. [14] in 2012 and it was observed that for few cases the hysteresis behaviour was not present. Most recent 2-D study on cavity systems was conducted by Chang [15] in 2014. The work presents a detailed parametric study considering various aspect ratios and proposed correlations for the heat transfer for low aspect ratio systems.
(ii) 3-D CFD study: The first 3-D CFD study of cavity systems was carried out by Yang et al. [16] in 1987. It was observed that with inclination the cavity systems exhibited flow pattern transition from multicellular to unicellular for large aspect ratio systems. To identify the regions where the flow transition occurs, a stability map of the system was obtained by Yang [1] in 1988. An extensive study of transitions and bifurcations of laminar buoyant flows in cavity systems has been conducted. The stability maps of cavity systems were obtained employing linear stability analysis and the inclination effect on the flow patterns of the cavity systems was also examined.
Literature on rectangular natural circulation systems
The literature available on the tilted rectangular natural circulation systems is reviewed and presented as follows:
(a) Experimental study: Acosta et al. [2] in 1987 were the first to study experimentally the effect of inclination on NCL system. They considered a square NCL system with heat flux condition at the bottom and constant temperature boundary condition at the top leg, respectively. The hysteresis phenomena w.r.t. the inclination angle was observed and the study also verified the existence of multiple steady state solutions in NCL systems.
The next study on the effect of inclination on NCL system was studied in 2005 by Misale et al. [17] for two different fluids and the inclination effect was used to control the net gravity on the system and thereby to control the system stability. This was followed by experiments on mini NCL systems, where the system transience for different inclinations was reported by Misale et al [18] and Garibaldi and Misale [19] . The most recent study on the effect of inclination on NCL systems was conducted by Tian et al. [20] and Zhu et al. [21] . It was noted that the heat transfer coefficient is significantly affected by the inclination and both clockwise and anti-clockwise inclinations were considered for the study. Vijayan et al. (2007) [22] observed that introducing a small inclination to the NCL system changed the transient dynamics of the system.
(b) CFD study : Ramos et al. [23] in 1990 conducted a 2-D CFD study of a rectangular NCL system on the effect of inclination on the streamline pattern rearrangement. It was observed that the streamlines rearrangement happened after a certain inclination angle which was termed as the critical angle. Bouali et al. [24] in 2006 conducted a 2-D CFD study to investigate the effect of radiation and natural convection in cavity and NCLs. The effect of inclination was also examined and was reported to have a strong influence on the isotherm patterns. Recently 3-D CFD studies were performed by Basu et al. (2013) [25] and Krishnani and Basu (2017) [26] where the effect of inclination on the transient behaviour of NCL systems was investigated and tilting the NCL was observed to have a stabilizing effect on the system transience.
Objective and scope of the present study
The advantages and special characteristics of buoyancy driven system may also lead to interesting heat transfer characteristics of such systems. Soong et al. (1996) [12] have already demonstrated that there is a jump in heat transfer coefficient which occurs due to flow mode transition in a tilted cavity of aspect ratio 4. These observations motivates a natural question as to whether such phenomena is restricted to cavity or does it extend to other buoyancy driven systems as well? To address this question the following objectives are set in the current study:
1. Determine if tilted NCL and CNCL systems exhibit heat transfer coefficient jump.
2. To identify the mechanism of the heat transfer coefficient jump in tilted NCL and CNCL systems if it occurs.
3. To identify if there is a hysteresis effect in tilted NCL and CNCL systems.
To study the influence of different parameters on the behaviour of tilted NCL and CNCL systems.
A cavity is a fluid filled enclosure, which is generally heated at the bottom and cooled at the top. The thermal excitation provided generates buoyancy force which circulates the fluid in the entire volume and transfers heat from the hot wall to the cold wall. An NCL can be considered as a fluid filled conduit which is closed from end to end and is driven by buoyancy when subjected to external thermal stimulus. The sole difference between a cavity and an NCL system is in their geometry. Figure 1 clearly demonstrates that an NCL system can be obtained from a 2-D cavity by just introducing another thermally insulated cavity in the primary cavity system.
The NCL is generally used as a basic representative element of systems which are actually used in practice. In practical applications, the byouancy driven systems such as the Passive Residual Heat Removal System (PRHRS) employ multiple NCLs which are thermally coupled. Thus to generalize the present study it is also necessary to incorporate the effect of thermal coupling on NCL system dynamics. This is done by considering a CNCL system which comprises of two thermally linked NCLs at the common heat exchange section. The recent paper by Dass and Gedupudi (2019) [27] explores the link between PRHRS and NCL system and presents a CNCL as an appropriate and simplified basic representative of PRHRS. Thus, the effect of tilting the CNCL on the heat transfer at the coupled section is also explored in the current study.
The paper begins with a 2D CFD study of the buoyancy driven systems namely: cavity, NCL and CNCL. The geometry, meshing, governing equations and the appropriate settings and discretizations used are described. A mesh independence study is undertaken followed by a thorough validation with the literature data indicating the reliability of the CFD study. The present work makes a comparison of the 3-D CFD results with the experimental data available in the literature, as a validation study.
Contributions of the present study
1. The current work investigates the occurrence of heat transfer coefficient jump and hysteresis in inclined NCL and CNCL systems and presents a common mechanism to explain the observed heat transfer coefficient variation with respect to the inclination of such systems.
2.
A detailed 3-D CFD validation with experimental data is conducted to demonstrate the reliability of the present study and establish the validity of the mechanism of the heat transfer coefficient jump.
A thorough 2-D parametric study on the effect of variation of various non-dimensional numbers on the heat
transfer coefficient jump in NCL systems is presented.
4. The effect of curvature of the bends and the heater cooler arrangement of the NCL is also studied.
5. An assessment of the previous literature on inclined NCL systems is conducted and the possible reasons for overlooking of the heat transfer coefficient jump in such systems are discussed.
Methodology
To examine the influence of inclination of buoyancy driven systems a thorough and systematic 2-D CFD study is undertaken. The buoyancy driven systems which are considered for the present study are: 
Geometry
The buoyancy driven systems which are considered for the present study are represented in Figure 2 T h > T c to obtain convection within the system. The height of the system is denoted by H, width by L and D h denotes the hydraulic diameter of the NCL and CNCL systems. The gravity of the system subtends an angle θ with respect to the vertical, which has the equivalent effect of tilting the buoyancy systems by the same angle w.r.t. the horizontal. The system makes an angle θ with horizontal in the anti-clockwise direction or the system is held fixed and the gravity direction is varied in the clockwise direction. For the present study the angle of inclination is varied from θ = 0 • to θ = 90 • and the influence on the heat transfer characteristics is studied. 
Governing equations

Dimensional governing equations
The steady state 2-D governing equations of continuity, momentum and energy used for the present CFD study after employing the Boussinesq approximation are:
Non-dimensional governing equations
To identify the basic non-dimensional numbers which characterize the buoyancy driven systems, the governing equations are non-dimensionalised using the following dimensionless variables:
Substituting the dimensionless variables listed in equation (5) into equations (1)-(4) we obtain
where
From the aforementioned equations it can be concluded that Ra and P r are the non-dimensional numbers which influence the dynamics of all the buoyancy driven systems considered in the present study.
Mesh details
A structured mesh is used for the 2-D CFD study with inflation provided at the walls to capture the boundary layer effects. The mesh used in the present study for an NCL system is represented in Figure 3 . Similar mesh is utilized for the study of cavity and CNCL systems as well. 
Case setup
A steady state pressure based solver is used for the present study. The flow is laminar, and the Boussinesq approximation is used to couple the velocity and temperature fields. The SIMPLE scheme is used for pressure-velocity coupling. Second order spatial discretization is used for pressure and a second order upwind based spatial discretization is utilized for momentum and energy. The scaled residuals of 10 −6 is chosen as the criteria for covergence. For the present 2-D study the Ra value is kept fixed at a constant magnitude and the P r value is taken as 0.7, which corresponds to air as the working fluid. The Nusselt number (N u h ) and Reynolds numbers (Re) are calculated along with the streamline profiles to understand the effects of inclination on the heat transfer characteristics of buoyancy driven systems.
The buoyancy driven systems are prone to hysteresis and to demonstrate this phenomena in all the considered systems, the system with zero inclination is considered as the base case for θ considered in the ascending order from 0 • to 90 • . For all θ > 0, the previous steady state solution is chosen as the initial condition. For example, if we are increasing θ in steps of 5 • , then for θ = 5 • the initial condition is the steady state solution at θ = 0 • , and for θ = 10 • the initial condition is the steady state solution at θ = 5 • or θ = 0 • and so on till θ = 90 • . And for obtaining the effect of inclination for the decreasing angle of θ, θ = 90 • is considered as the base case. The initial condition for an inclination θ is any previous steady state solution for any higher angle in the direction of 90 • to θ. The initial conditions used for obtaining the steady state solutions for the base cases at θ = 0 • and θ = 90 • are:
Mesh independence test
To ensure that the steady state CFD predictions are free from numerical errors a mesh independence test is conducted. For the mesh independence test N u h at the heated section of the NCL system and N u CHX at the common heat exchange section are considered as parameters. Figure 4 represents the mesh independence test and demonstrates that about 15,000 elements and 30,000 elements are adequate to capture the physics of NCL and CNCL systems, respectively. It is necessary to point out that the mesh independence is deemed to be sucessfully completed only after the point of heat transfer coefficient jump and the magnitude of heat transfer coefficient are completely captured by the refined mesh. 
Validation of CFD methodology
To verify the accuracy of the present CFD study to capture the physics of the system, a thorough validation with previous literature is conducted. For the present validation, the thermally excited cavity is considered. For a thorough validation, two different aspect ratios (AR) are used, AR = 1 from Chang (2014) [15] and AR = 4 from Soong et al.
(1996) [12] . To demonstrate the ability of the present work to capture the hysteresis effect, a validation is also done with cavity of AR = 4 for decreasing θ from 90 • to 0 • . From Figure 5 we observe a good match between literature data and the present CFD prediction confirming the accuracy of the current CFD study in the prediction of dynamics of the buoyancy driven systems.
Results and Discussion
Mechanism of heat transfer coefficient jump in a tilted cavity
To understand the mechanism by which the heat transfer coefficient jump occurs in a cavity is important as it helps in understanding the process through which the heat transfer coefficient jump occurs in other buoyancy driven systems. This is because of the parallels the cavity system bears with other buoyancy driven systems as explained in the Introduction section. To understand the mechanism involved we study cavity systems of two different aspect ratios, AR = 1 and 4. From Figure 5 (a) we observe that for a cavity of AR = 1 at Ra = 10, 000 the jump in the heat transfer coefficient occurs at θ = 18 • , thus if we observe the velocity vectors and streamlines before and after the point of the heat transfer coefficient jump we can understand the phenomena responsible for the heat transfer coefficient jump. From Figure   6 we observe that there is a difference in both the velocity vectors and the streamline contours. From the velocity vector plot it is evident that a flow direction reversal has occured and from the streamline contour we observe that the smaller vortices have collapsed as we move from 15 • to 20 • . Thus, we can conclude that the heat transfer coefficient jump occurs by a combination of flow direction reversal and transition from multicellular to unicellular flow patterns for cavities of AR = 1. From Figure 5 (b) we observe that for a cavity of AR = 4 at Ra = 20, 000 the jump in the heat transfer coefficient occurs at θ = 42 • . From Figure 7 we observe that the streamline contours adjacent to the point of jump shift from multicellular to unicellular flow patterns with increasing θ. This explains the mechanism of the heat transfer coefficient jump in a cavity of AR = 4.
The mechanism by which a heat transfer coefficient jump occurs in a cavity was first explained by Soong et al.
(1996) [12] through multicellular to unicellular flow mode transition. This is the most general way to explain a heat transfer coefficient jump or discontinuity in a cavity system, but as we observe for a cavity of AR = 1 the point at which the jump or discontinuity occurs is accompanied by a net flow direction reversal and a transition from multicellular to unicellular flow. As will be discussed in the upcoming sections, the flow direction reversal in the natural circulation systems such as NCL and CNCL is a prime indicator of the heat transfer coefficient jump. It is also to be noted that the flow pattern re-arrangement as observed in Figure 6 does not have much effect on the non-dimensional heat flux profile along the x direction of the heated section corresponding to the points before and after the heat transfer coefficient jump as represented in Figure 8(a) .
Also comparing the non-dimensional heat flux plots shown in Figures 8(a) and 8(b) we observe a drastic difference in the plots corresponding to the Q distribution at the heated wall corresponding to the points before and after the jump. This allows us to conclusively state that for the considered case of a cavity system with AR = 1, the flow direction reversal has a greater contribution towards the heat transfer coefficient jump than the flow-pattern re-arrangement.
Effect of inclination on an NCL system
From Figure 9 we clearly observe that there is a heat transfer coefficient jump in the NCL system. We also clearly observe the hysteresis effect as reflected by the deviation in the data corresponding to the increasing or the decreasing The sign associated with Reynolds number (Re) in the present study is only to represent the direction of the flow.
The clockwise direction is denoted by the positive sign and the anticlockwise direction is denoted by the negative sign.
The directions of the flow are assigned based on the direction of the vortex which overlaps with the NCL or CNCL geometry. This notation is consistently used throughout the rest of this work.
The existence of multiple steady states, corresponding to the clockwise and the anti-clockwise directions of flow for θ ∈ (0 • , 14 • ) is also clearly evident from Figure 9 . The lack of hysteresis phenomena in the decreasing direction of θ is clearly observed from Figure 9 . This is primarily because, for the direction of decreasing θ, the buoyancy forces assist the inertial forces in the anti-clockwise flow direction for all θ and hence no flow-direction reversal is witnessed. Thus, we can conclude that a heat transfer coefficient jump occurs only when the net buoyancy force acting on the system resists the net inertial forces acting upon the system and the point of heat transfer coefficient jump corresponds to the point where the net buoyancy force is equivalent in magnitude to the magnitude of the net opposing inertial and frictional forces. Figure 10 represents the streamline contours of the NCL system before and after the heat transfer coefficient jump.
We can clearly note the flow pattern re-arrangement that has occured. The flow was multi-cellular before the jump, but became unicellular flow after the jump. A look at the non-dimensional heat flux distribution at the heated wall ( Figure 11 ) before and after the point of heat transfer coefficient jump reveals no drastic difference because of the flow-pattern re-arrangement but clearly indicates that a flow direction reversal has occurred after the heat transfer coefficient jump as observed earlier for a cavity system of AR = 1. We also note that the heat transfer coefficient jump corresponds to an increase in the magnitude of the Nusselt number after the jump for the case of ascending θ, thus again implying the fact that the presence of multi-cellular vortices need not necessarily enhance the heat transfer.
Effect of inclination on a CNCL system
From Figure 12 we note that a heat transfer coefficient jump occurs at θ = 46 • for an increasing θ and at θ = 24 • for a decreasing θ. Once again it can be seen that the heat transfer coefficient jump observed in Figure 12 (a) is accompanied by a flow direction reversal as observed in Figure 12 (b). Thus, we can conclude that a heat transfer coefficient jump or discontinuity in a natural circulation system such as an NCL or a CNCL is linked with the flow direction reversal. There is a difference in the magnitude of heat transfer coefficient jump when approached from different directions.
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This may be understood by looking at the streamline contours in both directions corresponding to the point of the jump. Figure 13 shows the streamline contours from which it can be observed that the heat transfer at the coupled wall is affected by the smaller vortices and the larger vortex which is aligned with the system geometry ( this is the vortex which contributes to the circulation within the loop). For the case of increasing θ we observe that the net configuration at the coupled wall before and after the jump is a combination of both parallel and counterflow configurations. Whereas for the case of decreasing θ we observe that the configuration is almost completely parallel flow at θ = 24 • and the configuration at the coupled wall after the jump or discontinuity i.e. at θ = 23 • is completely counterflow. This explains the nature of hysteresis and the magnitude of the jump observed in CNCL systems when the inclination is varied in the direction of increasing and decreasing θ.
= 46°= 47°=
24°= 23°: The variation of local non-dimensional heat flux at the coupled heat exchange section of the CNCL shown in Figure   14 correspond to the respective streamline contours shown in Figure 13 . It can be observed from Figure 14 Table 1 , it can be noted that apart from Acosta et al. [2] and Ramos et al. [23] no other study has considered the hysteresis effect. This may possibly be due to the focus of the study being the transient analysis. If the hysteresis study were conducted for the steady state cases with the initial condition being the steady state solution of the previous angle, then a case where the buoyancy forces resulting from the current angle resist the initial flow within the loop might have been encountered and the heat transfer coefficient jump might have been observed.
Lack of hysteresis study: From
3. Large step size of ∆θ : From Table 1 we note that minimum step size of inclination is more than or equal to 10 • . If a larger step size of ∆θ is considered then the resolution of the study may be inadequate to capture the heat transfer coefficient jump. This may be observed from Figure 15 
Consideration of different axes for inclination study:
For some of the studies reported in Table 1 , different axis was considered for the inclination study. In our present study we consider the NCL to be parallel to the xy plane and the system is rotated along the z axis to introduce the inclination. But some of the studies have considered
x axis for rotation, which does not induce any flow direction reversal and hence no heat transfer coefficient jump was observed. A discussion on the effect of inclination study w.r.t. the x axis is presented in section.4.9. Figure 17 demonstrates the effect of the inclination on the heat transfer coefficient for the same case as in Figure   16 . The heat transfer coefficient jump and the hysteresis behaviour w.r.t. the inclination in the considered NCL system can be clearly seen. Figure 16 and Figure 17 together demonstrate that the heat transfer coefficient jump in the NCL systems is primarily because of the flow direction reversal. To further understand the influence of different parameters on the heat transfer coefficient jump in the tilted NCL systems, a 2-D parametric study is presented in the subsequent sections.
Experimental validation
Effect of aspect ratio on the tilted NCL systems
The aspect ratio of the NCL system may be defined w.r.t the height H as follows: The net heat flux at the heated section of the wall (q w ) can be viewed as :
As the magnitude of H is kept fixed at unity, the heat flux remains the same for all the cases. This implies that the magnitude of buoyancy forces increases with increase in L, but as the viscous forces also increase with L there appears to be no net effect of AR on Re and hence N u h . The observed differences in N u h and Re can be attributed to the possible change in the flow field at the corners of the NCL system. This explains why the N u h and Re versus θ are largely unaffected for all the considered aspect ratios.
Effect of Rayleigh number on the tilted NCL systems
The effect of Rayleigh number on the N u h and Re of the tilted NCL systems is presented in Figure 19 . For a
given Ra, the buoyancy forces are maximum for θ = 0 • (heater at the bottom and cooler at the top), so the point flow reversal direction (the balance between the buoyancy force and the inertial force) approaches θ = 0 • with increase in the Ra value as shown in Figure 19 (b). The same behaviour of the shift in the point of flow-direction reversal has also been reported experimentally by Acosta et al. [2] with increase in the heat flux at the heated section of the NCL.
The increase in the magnitude of Ra is equivalent to the increase in the amount of energy supplied to a tilted NCL system. With increase in Ra, the buoyancy forces experienced by the system increases and this leads to an increase in the magnitude of Re, resulting in the higher N u h . 
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Effect of the Prandtl number on the tilted NCL systems
The effect of variation of the Prandtl number on N u h and Re of the tilted NCL system is presented in Figure 20 for a Ra = 16000. The magnitude of chosen Prandtl numbers 0.007, 0.7 and 70 correspond to liquid metals, air and viscous oils, respectively. Lower Prandtl number implies higher Grashof number or higher buoyancy forces for the same Ra value. Hence the velocities or the Re value is higher for lower Prandtl number as observed in Figure 20 (b).
Higher velocities coupled with higher thermal conductivities associated with lower Prandtl number result in higher heat transfer coefficients. However, the Nusselt number being the ratio of the product of the heat transfer coefficient and the characteristic dimension to the thermal conductivity of the fluid, the N u h appears to be almost same for all the three categories of the fluids (P r = 0.007, 0.7, 70) considered as shown in Figure 20 Figure 21 illustrates the schematic of a tilted NCL system with respect to the xy plane unlike the previous cases wherein the tilt is about the z axis. The effect of inclination γ on the NCL system is equivalent to reducing the body force experienced by the NCL system to g × cos(γ) and hence Ra to Ra × cos(γ). This may be used to replicate the reduced gravity conditions as suggested by Garibaldi and Misale [19] . Thus, with the increase in the magnitude of γ from 0 • to 90 • , the magnitude of the body force decreases, which decreases the buoyancy forces, resulting in a reduction of both N u h and Re as shown in Figure 22 . 
Conclusions
In the current study the effect of inclination on the buoyancy driven systems is presented. The present study indicates the occurence of the heat transfer coefficient jump and the hysteresis in tilted natural circulation systems such as NCL and CNCL, similar to cavity systems. The mechanism by which the heat transfer coefficient jump occurs in all the buoyancy driven systems is broadly a combination of the flow direction reversal and the flow pattern rearrangement. It is identified in the present study that for a cavity of aspect ratio unity, NCL and CNCL systems, the flow direction reversal primarily dictates the point at which the heat transfer coefficient jump occurs. The conclusions from the present study can be summarised as follows:
1. The present work thoroughly analyses as to why the occurrence of the heat transfer coefficient jump was not reported for NCL and CNCL systems. The study indicates that the step size has an important bearing on the observation of the heat transfer coefficient jump and the hysteresis. The study concludes that the initial condition used for the inclination effect influences the occurrence of the jump. If the steady state solution obtained for an inclination is used as the initial condition for the subsequent higher or lower angles corresponding to the increasing direction of θ or the decreasing direction of θ, respectively, it results in the occurrence of the jump and the hysteresis. However, if the zero flow field (fluid at rest) initial condition is used for all θ then there occurs no jump and hysteresis. 
